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A polychromatic double-pass setup was developed to study the effects of wavelength and polarization on
retinal image quality. The results show that the central part of the images was similar for all wavelengths
(543, 633 and 780 nm) and polarization states. However, the image tails increased signiﬁcantly when
using infrared light for all the polarization states used. For the set of subjects involved in the study, ocular
diattenuation presented individual differences, however signiﬁcant changes were not found across the
different wavelengths. Moreover the Stokes vectors providing the maximum intensity transmittance var-
ied across subjects and corresponded to elliptically polarized light. These non-negligible diattenuation
effects might affect the performance of clinical devices which only take into account ocular birefringence.
 2010 Published by Elsevier Ltd.1. Introduction
There has been an early interest in exploring the properties of
the human ocular media, in particular the retinal image quality,
as a function of wavelength. Early studies reported that ocular fun-
dus reﬂectance was higher with infrared than with visible light
(Delori & Pﬂibsen, 1989). Infrared light was also found to provide
improved imaging of deeper retinal features than visible light (Els-
ner, Burns, Weiter, & Delori, 1996). Double pass (DP) retinal images
acquired with near-infrared light showed a larger halo of light
compared with those obtained with green light (Llorente, Díaz-
Santana, Lara-Saucedo, & Marcos, 2003; López-Gil & Artal, 1997).
The polarization properties of the living human eye have exten-
sively been studied (see for instance Bour (1991)). Both corneal
and retinal birefringence were reported as the main contributors
(klein Brink & van Blokland, 1988; van Blokland & Verhelst, 1987).
The changes in the polarization properties are used in clinical envi-
ronments as an indicator of glaucoma (Dreher, Reiter, & Weinreb,
1992;Zhou&Weinreb,2002). Sincedifferentwavelengthspenetrate
into the retinadifferentially, as lightpenetratesdeeper there is an in-
crease in scattering and therefore in ocular depolarization (Bau-
mann, Goetzinger, Pircher, & Hitzenberger, 2009; Bueno, 2001; van
Blokland & van Norren, 1986). Diattenuation (D) might also be pres-
ent in the human eye to a lesser extent (Bueno & Artal, 2008; Twiet-
meyer, Chipman, Elsner, Zhao, & VanNasdale, 2008).
Since wavelength and polarization might have inﬂuence on the
retinal image (Bueno & Artal, 2001; Gorrand, Alﬁeri, & Boire, 1984),Elsevier Ltd.the combination of these two factors should potentially affect the
performance of devices based on collecting light scattered back
in the retina. However, studies about the dependence between
ocular reﬂectance and the polarization state of the incident light
(i.e. diattenuation (Chipman, 1995)) are scarce in the literature.
In this sense, the present study explores the interactions be-
tween polarization and wavelength and how these affect the reti-
nal image quality. We modiﬁed a DP apparatus to record retinal
images with three different wavelengths, while changing the
polarization state of the incident light. By further analyzing the
DP images, ocular D as a function of wavelength was also quanti-
ﬁed. Since DP images provide information on the whole eye, the
values of D here reported correspond to the contribution of the
central cornea and the fovea.2. Methods
2.1. Apparatus and experimental procedure
A schematic diagram of the experimental system used in this
work is depicted in Fig. 1. This is a polychromatic DP ophthalmo-
scopic system, which incorporates a polarization states generator
(PSG) in the ﬁrst passage. It operates at three different wave-
lengths: green (543 nm) coming from a He–Ne laser, and red
(633 nm) and near-infrared (780 nm) provided by two diode lasers.
Two removable mirrors (RM1 and RM2) permit the selection of the
desired wavelength.
The apparatus is a modiﬁed version of that described in (Bueno,
Berrio, Ozolinsh, & Artal, 2004). Each collimated laser beam passes
Fig. 1. Schematic diagram of the polychromatic DP ophthalmoscopic system
including a generator of polarization states in the ingoing pathway: P, linear
polarizer, QWP, rotary quarter-wave plate, BS, beam splitter, L1 and L2, achromatic
doublets; AP1 and AP2, artiﬁcial pupils; RM1 and RM2, removable mirrors; M1–M3,
mirrors; FC, focus corrector; OB, objective.
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ear polarizer (P) and a rotatory quarter-wave plate (QWP). In the
second passage, the light emerging the eye passes by an optome-
ter-based focus corrector system (FC) and reaches a CCD camera
(DP image). FC is composed of two achromatic doublets (L1 and
L2) separated by three mirrors, two of them (M2 and M3) placed
on a moving stage in order to correct for the spherical refractive er-
ror of the eye for each wavelength. Artiﬁcial pupils AP1 and AP2 are
conjugated with the eye’s pupil to control the size of the beam in
the incoming and outgoing pathways (1.5 and 5 mm in diameter
respectively).
Measurements were carried out in ﬁve normal healthy and
well-trained adult subjects (mean age: 31.8 ± 2.4 years). All pre-
sented a best corrected visual acuity 20/20 or higher. For each sub-
ject, all images were acquired in a single experimental session.
During recording, head’s movements were minimized by using a
bite-bar mounted on a three-axis positioning stage. Each eye’s pu-
pil was dilated and accommodation was paralyzed with two drops
of tropicamide (1%). Before recording the DP images and for each
experimental condition, the operator looked for the best focus by
moving FC, while the subject directly stared at the conveniently
attenuated point source.
Four independent polarization states were produced in the PSG
by placing the fast axis of the QWP at four different angles (see
Bueno et al. (2004) for further information). Sets of four DP retinal
images (1  s exposure, 2.5 of visual ﬁeld) were recorded for each
orientation (IðjÞ1 , I
ðjÞ
2 , I
ðjÞ
3 , I
ðjÞ
4 ; j = 1–4). The experimental setup itself
was ﬁrstly calibrated as explained elsewhere (Bueno, 2000) to en-
sure independent incoming polarization states and, hence, the con-
tribution of the residual polarization properties of the optical
elements (in particular D) was compensated.
A background image (taken from an empty ﬁeld) was sub-
tracted from every DP raw image IðjÞi (i, j = 1–4). Then, each set of
polarimetric DP images was averaged to compute the ﬁnal DP
image. The resulting images were named as IC, IV, IE1, and IE2. C,
V, E1 and E2 represent right-circular, linear vertical, and two ellip-
tical polarization states respectively. Two parameters were com-
puted from these ﬁnal DP images: the averaged intensity radial
proﬁle (López-Gil & Artal, 1997; Santamaría, Artal, & Bescós,
1987) and a parameter of scattering (POS) deﬁned as (Westheimer
& Liang, 1995):POS ¼ Intð20 : 60Þ=Intð0 : 20Þ ð1Þ
where Int(20:60) and Int(0:20) are the areas under the normalized
intensity proﬁle between 20 and 60 arcmin, and between 0 and
20 arcmin respectively. All calculations were done in MATLAB
(The MathWorks, Inc., Natick, MA).
For the second part of the experiment DP images IC, IV, IE1, and
IE2 were used to compute the spatially resolved elements of the
ﬁrst row of the Mueller matrix: M00, M01, M02, and M03 (Bueno,
Hunter, Cookson, Kisilak, & Campbell, 2007). From these spatially
resolved elements, the averaged intensity values were calculated
in a squared central area (8  8 arcmin). This region was the core
of the images (combining the effects of both central cornea and
fovea). The parameter D (which ranges between 0 and 1) was com-
puted as (Chipman, 1995):
D ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
M201 þM202 þM203
q
M00
ð2Þ
Moreover, the polarization state associated with the maximum
intensity transmittance (diattenuation axis) is expressed as
(Barakat, 1987):
Smax ¼
1
cosð2uÞ  cosð2vÞ
cosð2uÞ  sinð2vÞ
sinð2uÞ
0
BBB@
1
CCCA ¼
1
M01=MSQ
M02=MSQ
M03=MSQ
0
BBB@
1
CCCA with
MSQ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
M201 þM202 þM203
q
ð3Þ
where 2u and 2v are the coordinates of the polarization states on
the Poincaré sphere (i.e. u and v are respectively the ellipticity
and the azimuth).
3. Results
3.1. Polarization, wavelength and double-pass retinal image
quality estimates
Fig. 2a depicts the normalized averaged intensity radial proﬁle
for linearly polarized light (image IV) and the three wavelengths.
Each line is the mean for all subjects. The central part of the radial
proﬁles is similar for the three wavelengths, but when going to-
wards the periphery, the amount of infrared light is larger as
shown in the inset. Fig. 2b shows the total intensity at the central
area of the DP image (3 arcmin), averaged values for all the sub-
jects as a function of the incoming polarization states. Across the
wavelengths, no signiﬁcant differences were found among the dif-
ferent polarization states (student paired t-test). Across polariza-
tion states, infrared light was statistically different from green
light (p = 0.02).
Fig. 3a plots the POS averaged for all subjects, for the four polar-
ization states and the three wavelengths. For all polarization states
the POS was higher for infrared light. Across polarization states, the
largest difference also corresponded to infrared light. This is better
observed in Fig. 3b, which represents the mean across the four
polarization states, and all subjects, as a function of wavelength.
According to student’s paired t-test, across all polarization states,
POS for infrared light signiﬁcant differed from those POS values
for green and red light (p < 0.05). Across all wavelengths, states
E1 and E2 were signiﬁcantly different from V (p = 0.02 and
p = 0.04 respectively) but not from C.
3.2. Wavelength and ocular diattenuation
As an example, Fig. 4 depicts the normalized central intensity of
the DP images IC, IV, IE1, and IE2 for a particular subject. Since the
Fig. 2. (a) Normalized intensity radial proﬁles of the DP images acquired with linear
polarized light for green (grey dashed line), red (grey solid line) and infrared (black
line). Each line is the mean for all subjects. The inset shows the proﬁles between 20
and 30 arcmin. (b) Total intensity at the central area of the DP image averaged for
all subjects as a function of the polarization states in the PSG for green (white), red
(grey) and infrared (black) light.
Fig. 3. (a) POS values averaged for all subjects as a function of the polarization state
in PSG for the three wavelengths. Symbols are the same as in the previous ﬁgure. (c)
POS values averaged for all subjects and polarization states as a function of
wavelength.
Fig. 4. Normalized intensity for the central part of DP images in one subject as a
function of the polarization state for every wavelength.
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pends on the polarization state of the incident light, the intensity
values for each wavelength were normalized to the maximum for
a better comparison. The difference between the maximum and
the minimum intensity depended on both the subject and the
wavelength. By considering all subjects, polarization states and
wavelengths, only E1 for infrared light was found to be signiﬁ-
cantly different from E1 for green (p = 0.02) and red light (p = 0.03).Fig. 5 shows the spatially resolved M0j (j = 0–3) elements com-
puted as explained in the Section 2 for the three wavelengths in
the same subject as in Fig. 4.
From these elements, the values of D were calculated as indi-
cated above. Fig. 6 depicts the values of D for the subject in Fig. 5
(white bars), together with the averaged value across all subjects
for the three wavelengths (grey bars). For this particular set of
eyes, the value of D ranges between 0.05 and 0.17 for green light,
from 0.07 to 0.15 for red light, and between 0.04 and 0.16 for infra-
red light. We also include the value of D (for a wavelength of
633 nm) from (Bueno & Artal, 2008). Results show that differences
in D across wavelengths are non signiﬁcant, at least within the
accuracy of the technique that we used here.
Finally, using Eq. (3) we computed the ‘‘optimum Stokes vector”
which provides the maximum transmittance (i.e. the diattenuation
axis) for every subject and wavelength. The corresponding values
of ellipticity and azimuth are shown in Fig. 7. We decided to repre-
sent 2u and 2v, since these are the coordinates of the polarization
states on the Poincaré sphere (latitude and longitude respectively).4. Discussion
4.1. Double-pass retinal image quality, wavelength and polarization
The polychromatic DP ophthalmoscope designed in this work
was used to evaluate the combined effect of polarization and wave-
length on retinal image quality. Previous studies reported the DP
system as a reliable tool for retinal image quality estimates in both
visible and infrared light (Díaz-Doutónet al., 2006; López-Gil&Artal,
1997).
It has already been reported that infrared retinal images show a
broader tail light (López-Gil & Artal, 1997;Westheimer & Campbell,
1962), which is associated with deeper penetration of infrared light
into the choroid, and with an increase of both intraocular scattering
and depolarization. Conversely, green light does not penetrate so
effectively and hence, the scattering effects are lower.
Most previous works were carried out with linearly polarized
light. Our results agreewell with those previous reports, butwe also
include the effects of circular and elliptical polarized light.We found
that the centralpart of theDP imageswere similar for all polarization
states and wavelengths (Fig. 2). Maximum differences among all
polarization states and wavelengths were about 6 %.
Since the central part of the DP images contains information on
the ocular aberrations, the low variability on this region agrees
well with the fact that ocular aberrations (or alternatively, the ret-
inal image quality) hardly depend on the polarization state of the
incident light (Bueno & Artal, 2001; Bueno, Berrio, & Artal, 2003;
Marcos, Díaz-Santana, Llorente, & Dainty, 2002; Prieto, Vargas-
Martín, McLellan, & Burns, 2002). However, combinations of
Fig. 5. Example of spatially resolved elements of the ﬁrst row of the Mueller matrix in one of the subjects involved in the study for three different wavelengths (upper panels,
green; medium panels, red; bottom panels, infrared). The grey level code is shown at the right and images subtend 31.2 arcmin.
Fig. 6. Diattenuation values for each wavelength for the subject of Fig. 5 (white
bars) and the averaged values across all subjects (grey bars). As a comparison the
result for red light in (Bueno and Artal, 2008) has also been included (black bar).
Error bars indicate the standard deviation.
Fig. 7. Coordinates on the Poincaré sphere of the Stokes vectors (Smax) providing
maximum intensity transmittance at the central part of double-pass images for all
subjects and wavelengths.
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the retinal image quality, as early reported by Röhler, Miller and
Aberl (1969) and later conﬁrmed by others (Bueno & Artal, 2001;
Williams, Brainard, McMahon, & Navarro, 1994).
Since the core of the DP image is related to the light guided
through the photoreceptors, results here presented indicate a ma-
jor retinal layer as the responsible for the retinal reﬂection for light
within the range 532–780 nm. This is in good agreement with the
work by Elsner and colleagues (Elsner et al., 1996), who found that
the fraction of fundus reﬂectance containing the guided compo-
nent was independent of wavelength across the range from 550
to 750 nm. Moreover, this also agrees with other studies reporting
that the reﬂection of both polarized and non-polarized compo-
nents occurs at a single layer (van Blokland & van Norren, 1986)
and that different conﬁgurations of linear polarizations hardly af-
fect the best focus position (Bueno, 2001).
Although the central portion of the DP images remained similar,
the increase in the scattering halo of the infrared DP images leads
to a reduction in the retinal image quality. Along this work, we
have showed that this increase occurs for all polarization states
(Fig. 3). Moreover, we found that DP images for red light do not dif-
fer signiﬁcantly from those corresponding to green light.
Despite the worsening of retinal image quality with infrared
light, the ocular wavefront aberrations (beyond defocus) computedusing different aberrometers have been reported to be nearly con-
stant across a wide wavelength range (Fernández & Artal, 2008;
Fernández et al., 2005; Llorente et al., 2003). This could be ex-
pected since unlike the DP method, aberrometers do not have
the scattering effects into account and the retinal image quality
might be overestimated (Díaz-Doutón et al., 2006).
We conclude that, despite the complicated ocular polarization
properties, the retinal image quality is nearly independent on the
polarization states of the incident light for each wavelength. Addi-
tionally, for every individual polarization state, this image quality
is always worse for infrared light than for green and red. That is,
for a given wavelength from green to near-infrared, a major
improvement in the ocular optics could not be achieved by modify-
ing the polarization state of the incoming light beam, which agrees
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zation states (Bour, 1991).
The present resultsmight also suggest that techniques which are
based on collecting the light scattered back in the retina would not
be signiﬁcantly affected by the polarization state of the illumination
channel. However, it has recently been demonstrated that extended
fundus images can be improved by varying the incident polarization
state or using depolarized light (Bueno et al., 2007; Burns, Elsner,
Mellem-Kairala, & Simmons, 2003; Song, Zhao, Chui, Qi, & Burns,
2008). The reasons for this are the non-null and spatially changing
D values of the human eye (Bueno & Artal, 2008; Twietmeyer et al.,
2008) as extensively discussed in the next section.4.2. Ocular diattenuation
An optical system (in particular the eye) shows properties of D
when there is a non-null dependence between the transmitted/re-
ﬂected intensity and the polarization state of the incoming light.
Since this parameter ranges between 0 and 1, the closer the value
to 1, the higher the dependence between the incident polarization
state and the intensity of the light reﬂected at the retinal fundus
(and emerging from the eye).
For the subjects involved in this study, the central part of the
elements M0j (j = 0–3) of the Mueller matrix were different from
zero. All elements but M00 might have either positive or negative
values. These elements were particular, not only for every subject
but also for each wavelength (see Fig. 5). As a result, the parameter
D has non-null values (Fig. 6), indicating some dependence be-
tween the ocular intensity transmittance and the polarization state
of the incident light.
Despite the number of subjects is small, the results give an in-
sight into the values of ocular D in normal eyes. For a more general
conclusion, additional experiments involving more subjects would
be required. Looking into individual results, we found that the
ranges of D across the subjects were similar for the three wave-
lengths used in this study. For every subject, differences across
wavelengths ranged between 0.01 and 0.06. In particular, the aver-
aged D values were 0.11, 0.10 and 0.09 for green, red and infrared
light respectively. This result indicates that, within the accuracy of
our measurements and our small set of subjects, there is a slight
dependence between the polarization state of the incident light
and the intensity transmitted by the eye, and this dependence is
similar for the three wavelengths.
Studies on ocular birefringence and D in the living human eye
are scarce in the literature. Most studies exploring the polarization
sensitivity of the eye were based on measurements of dichroism
(see Bueno and Artal (2008) and Chipman (1995) for more infor-
mation on this parameter) and they hardly used polarimetric
techniques.
Using Mueller-matrix polarimetry (633 nm wavelength), the D
values for an area around the post-mortem human optic nerve
head ranged between 0 and 0.11 (Dreher et al., 1992). Later some
measurements (with light of 785 nm) reported values of 0.03
for the macula area and 0.06 for the optic nerve head in living
human eyes (Pelz, 1997). Signiﬁcant differences between normal
and glaucomatous eyes (at the retinal nerve ﬁber layer for light
of 632.8 nm) were found: values between 0.05 and 0.19 for the
former and between 0.01 and 0.08 for the latter (Naoun, Louis-
Dorr, Allé, Sablon, & Benoit, 2005). More recently, Twietmeyer
and co-workers (2008) modiﬁed a clinical polarimeter that uses
a 780 nm laser source to explore polarization properties at the
optic nerve head and at the macular area. The values of D ranged
between 0.07 and 0.11 (mean: 0.09 ± 0.05) for normal eyes, and
between 0.07 and 0.10 (mean: 0.08 ± 0.05) for glaucomatous
eyes.Here, the results of ocular D agree with those found in the liter-
ature. Despite the technique used in Bueno and Artal (2008) was
slightly different from the one here used, the averaged D value
for a wavelength of 633 nm was similar (0.10 ± 0.03). The averaged
D value for red light in this work has been 0.10 ± 0.04.
The main drawback of our technique is that the individual
contribution of the different ocular structures (cornea, lens and
retina) can not be separated. However, since low D values were
reported for in vitro corneas and lenses (see Bueno and Artal
(2008) and references therein), it could be assumed that D values
here reported would be produced by the retina. Moreover, it has
also been showed that the axes of ocular birefringence and D dif-
fer (Bueno & Artal, 2008), what indicates that the main source of
D in the healthy human eye is the retina (probably the Henle ﬁ-
ber layer).
Since the values of D are different from zero, an incoming polar-
ization state providing a maximum in the transmitted intensity is
expected. In spite of the size of our sample, the results show that
these optimum Stokes vectors vary with both, the subject and
the wavelength (Fig. 7). Although most of these optimum Stokes
vectors correspond to elliptically polarized light, the vectors for
green light are, on average, closer to the equatorial plane (i.e. line-
arly polarized light, mean 5) that those associated with red and
infrared light (19 and 20 respectively). Moreover, the values of
azimuth and ellipticity for red and infrared light seem to be closer
to each other (average difference 12).
As above discussed, this weak (but no null) dependence be-
tween the light reﬂected at the retina, as well as the different
polarization-dependence of the structures located across the reti-
nal fundus, are the basis for retinal fundus image improvement re-
ported by different authors (Bueno et al., 2007; Burns, Elsner,
Mellem-Kairala, & Simmons, 2003; Mellem-Kairala, Elsner, Weber,
Simmons, & Burns, 2005; Miura et al., 2005; Song et al., 2008; We-
ber, Cheney, Smithwick, & Elsner, 2004). These results might have
an impact on glaucoma imaging techniques too, since the Mueller
matrix is not calculated in clinical devices and only the effects of
ocular birefringence are taken into account. Since depolarization
and D affect the measured ocular retardation (Bueno, 2002,
2004), both over- and underestimation might lead to an erroneous
diagnosis of certain pathologies (glaucoma in particular). In this
sense, an in-depth study on the spatial distribution of D across
the retina (mainly macular region and optic nerve head) in healthy
and pathological eyes will be of particular interest.Acknowledgments
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